Cell-free extracts of Comamonas testosteroni T-2 grown in toluene-p-sulphonate/salts medium catalyse the conversion of p-sulphobenzoate (PSB) into protocatechuate and sulphite by an NADH-requiring and Fe2+-activated dioxygenase. Anionexchange chromatography of extracts yielded red (A) and yellow (B) protein fractions, both of which were necessary for dioxygenative activity. Further purification of each fraction by hydrophobic interaction chromatography and gel filtration led to two homogeneous protein components (A and B), which together converted 1 mol each of PSB, 02 and NADH into 1 mol each of protocatechuate, sulphite and, presumably, NAD+. The system was named 4-sulphobenzoate 3,4-dioxygenase (PSB dioxygenase system). Monomeric component B (M, 36000) was determined to be a reductase that contained 1 mol of FMN and about 2 mol each of iron and inorganic sulphur per mol. This component transferred electrons from NADH to the oxygenase component (A) or to, e.g., cytochrome c. Homodimeric component A (subunit M, 50000) of the PSB dioxygenase system contained one centre per subunit and its u.v.-visible-absorption spectrum corresponded to a Rieske-type iron-sulphur centre. The requirement for activation by iron was interpreted as partial loss of mononuclear iron during purification of component A. Component A could be reduced by dithionite or by NADH plus catalytic amounts of component B. The PSB dioxygenase system displayed a narrow substrate range: none of 18 sulphonated or non-sulphonated analogues of PSB showed significant substrate-dependent 02 uptake. The physical properties of the PSB dioxygenase system resemble those of other bacterial multi-component dioxygenases, especially phthalate dioxygenase. However, it differs from most characterized systems in its overall reaction: the product is a vicinal diphenol, and not a dihydrodiol.
INTRODUCTION
Sulphonated aromatic compounds are essentially xenobiotics whose biodegradation has been studied for about 40 years (Cain, 1981; Thurnheer et al., 1986) , but whose desulphonation in vitro has only recently become available (Thurnheer et al., 1986 (Thurnheer et al., , 1990 Locher et al., 1989) . Many desulphonation mechanisms have been reviewed (Swisher, 1987) , but the only reactions with published experimental support involve dioxygenases (Cain & Farr, 1968; Brilon et al., 1981) or mono-oxygenases (Zurrer et al., 1987) acting on the carbon atom carrying the sulphonate moiety. Quantitative and qualitative proofs of the activity of dioxygenases that involve desulphonation are now available (Locher et al., 1989; Thurnheer et al., 1990) .
Comamonas testosteroni T-2 degrades toluene-p-sulphonate (TS) by mono-oxygenation of the methyl side chain to the corresponding alcohol, which is oxidized in two NAD+-coupled reactions to p-sulphobenzoate (PSB). PSB is subject to desulphonative dioxygenation and the first known product is protocatechuate, which is subject to meta ring cleavage (Locher et al., 1989 ) (Scheme 1).
We now report the first purification and some properties of a desulphonative two-component dioxygenase, which we term the 4-sulphobenzoate 3,4-dioxygenase system (PSBDOS).
EXPERIMENTAL Materials
Protamine sulphate, (NH4)2SO4, Na2SO4, dithiothreitol, dichlorophenol-indophenol and terephthalate were purchased from Fluka, Buchs, Switzerland. NADH, NADPH, NAD+, FAD, FMN, riboflavin and cytochrome c were obtained from Boehringer, Mannheim, Germany. Ferricyanide, ferredoxin from Spirulina platensis and Iron AAS Standard Solution were supplied by Sigma Chemical Co., St. Louis, MO, U.S.A. Prepacked columns for f.p.l.c. were used; G3000 SW (21.5 mm x 300 mm) and G2000 SW (7.5 mm x 600 mm) were from Toyo Soda, Tokyo, Japan, and Mono Q (16 mm x 100 mm), phenyl-Superose (5 mm x 50 mm), Superose 12 (10 mm x 300 mm) and Pro RPC (15 ,tm particle size; 10 mm x 100 mm) were from Pharmacia, Uppsala, Sweden, which also provided Blue Dextran 2000, native standard proteins and PD-10 columns of Sephadex G-25. Centriprep membrane filtration units were from Amicon, Danvers, MA, U.S.A. Reagents and standards for SDS/PAGE were from Bio-Rad Laboratories, Richmond, CA, U.S.A. Immobilon [poly(vinylidene difluoride)] membranes were from Millipore, Bedford, MA, U.S.A. The 4-sulphono derivatives of phenylacetate, 3-phenylpropionate and 4-phenylbutyrate were a gift from Dr. A. Marcomini. The sources of other chemicals are reported elsewhere (Locher et al., 1989; Scholtz et al., 1987) . Chemicals used were of the best quality available commercially.
Analytical methods
H.p.l.c. This was done with reverse-phase columns on LKB apparatus described elsewhere (Locher et al., 1989) . The mobile phases consisted of (i) 50 mM-potassium phosphate buffer, (Buder & Fuchs, 1989) .
Determination of iron and inorganic sulphur. The iron content of component A or B was determined in duplicate in samples from different purifications by atomic absorption spectroscopy with a Video 12 apparatus (Nanolab, Schlieren, Switzerland). Proteins were desalted on PD-10 columns and their iron contents compared with standards prepared in acid-washed glassware with iron-free water. Buffer samples without protein were treated the same way and were used for background corrections.
Inorganic sulphur was extracted from proteins in duplicate in samples from different purifications by zinc acetate treatment and determined as the formation of Methylene Blue (Beinert, 1983 Bradford (1976) . Samples used for iron, inorganic sulphur and flavin analyses were also assayed by the method of Lowry et al. (1951) . BSA served as a standard in both methods.
Electrophoresis. Purification of components A and B from PSBDOS was monitored by SDS/PAGE (Laemmli, 1970) . Slab gels (7 cm x 8 cm x 0.75 mm) containing 12 % (w/v) polyacrylamide in the separating gel and 4 % in the stacking gel were stained routinely in 0.2 % Coomassie Brilliant Blue R250 dissolved in aq. 500% (v/v) methanol/100% (v/v) acetic acid for 30 min and then destained in aq. 100% (v/v) methanol/O0 % (v/v) acetic acid. Gels were also subjected to silver staining (Merril et al., 1983 (Fig. 1) . In calculations, the endogenous rate of 02consumption, recorded in the absence of substrate, was subtracted from the gross reaction rate. Further, crude extracts contained protocatechuate 4,5-dioxygenase at 10-fold higher activity than the desulphonation (Locher et al., 1989) , so the 02-uptake rates were halved to obtain net activities of PSB dioxygenase. Results are expressed routinely as katals.
Apparent Km values for the purified oxygenase were derived from progress curves of reactions in the oxygen electrode at PSB concentrations between 0 and 50 /tM by the method of Halwachs (1978) : 5.5 ,tM-component B was used and the 02 concentration was between 0.2 and 0.1 mm.
The reaction of the PSB dioxygenase was confirmed with colorimetric measurements of sulphite production (Thurnheer et al., 1986) Reductases. Reductase B of PSBDOS (and reductase C) was routinely assayed at 25 'C as cytochrome c reduction. The reaction mixture contained (in 1.0 ml) 19,umol of potassium phosphate buffer, pH 6.8, 15 nmol of cytochrome c and 0.2-20 ,ug of protein, and the reaction was started by the addition of 100 nmol of NADH. The increase in absorbance at 550 nm was monitored; £550 was taken to be 21000 M-1. cm-' (Ensley et al., 1982) . PSBDOS reductase B was also measured as the reduction of ferricyanide under similar conditions, with 1 ,umol of ferricyanide instead of cytochrome c. The decrease in absorbance at 420 nm was monitored and £420 was taken to be 1020 M-1 cm-l (Yamaguchi & Fujisawa, 1978) . PSBDOS reductase B could also be measured as the reduction of dichlorophenol-indophenol under similar conditions, with 50 nmol of dichlorophenolindophenol instead of cytochrome c. The decrease in absorbance at 600 nm was measured and £600 was taken as 21000 M-1 cm-1 (Yamaguchi & Fujisawa, 1978) .
Growth of the organism and preparation of cell-free extracts C. testosteroni T-2 was grown in minimal medium containing TS or PSB as sole carbon and energy source for growth (Locher et al., 1989) . The organism was routinely inoculated (I %, v/v) into 1-litre portions of TS-minimal medium in 3-litre Erlenmeyer flasks and incubated for about 12 h on a rotary shaker (130 rev./min at 30°C): when the cell density reached an A5 6 value of about 0.4, sterile 0.3 M-PSB (10 ml) was added, the pH was adjusted to about 7.0 with 2 ml of sterile 5 M-KOH, and the incubation was continued for 3-4 h. The bacteria were then harvested and stored at -20°C as described previously (Thurnheer et al., 1986) . This method yielded about 0.8 g wet wt./l of cells optimally induced for PSBDOS; cells in the stationary phase were practically inactive. Cells grown in PSBminimal medium were also active, but lower yields were obtained.
Pellets of frozen cells (10 g) were thawed and resuspended in 20 ml of cold 20 mM-potassium phosphate buffer, pH 6.8, containing 1 mM-dithiothreitol (buffer A). The cells were washed twice in the same volume of buffer A, and cell-free extracts were prepared by three passages through a chilled French pressure cell (130 MPa) and subsequent centrifugation at 30000 g for 50 min at 4°C (Thurnheer et al., 1986) . The clear supernatant had a red-brown colour and was either used immediately for enzyme isolation or stored at -20 'C. No loss of desulphonative activity was observed in extracts stored for several weeks at -20 'C, but about 30 % activity was lost in 24 h when stored at 4 'C.
Purification of component A and component B of PSB dioxygenase F.p.l.c. was done with apparatus described elsewhere (Locher et al., 1989) . All steps were carried out at 4 'C, except that f.p.l.c. was done at room temperature, although fractions were collected on ice under a stream of 02-free N2. All solutions were thoroughly sparged with 02-free N2 or He. Considerable loss of activity occurred when sparging or dithiothreitol was omitted.
Step 1: removal of nucleic acids with protamine sulphate. Crude extract (about 400 mg of protein in 8-10 ml) was stirred gently under a constant stream of 02-free N2 Protamine sulphate (3 %, w/v) in buffer A was added stepwise until a concentration of 0.3 % (w/v) was reached. The mixture was then stirred for 20 min and centrifuged at 30000 g for 30 min at 4 'C. The pellet was discarded.
Step 2: f.p.l.c. anion-exchange chromatography. The Mono Q column was equilibrated with buffer A (5 ml/min) and loaded with supernatant fluid from step 1. Proteins were eluted by an increasing gradient of Na2SO4 (Fig. 2) . Fractions (5 ml) were collected and tested for PSB dioxygenase activity. No single fraction was active, but red-brown fractions (entitled A) eluted at about 50 mM-Na2SO4 (nos. 23-25) and yellow fractions (entitled B) eluted at about 100 mM-Na2SO4 (nos. 31-35) were observed, and PSB dioxygenase activity was obtained when portions (50,1 each) of A and B were combined. Fractions containing significant activity were pooled separately to give the crude components A and B of the PSB dioxygenase system.
Step 3a: hydrophobic-interaction chromatography of component A. The phenyl-Superose column was equilibrated (0.5 ml/min) with buffer A containing 0.5 M-(NH4)2SO4. Crude component A from step 2 was concentrated by membrane filtration (Centriprep) to about 3 ml, brought to 0.5 M-(NH4)2SO4 by addition of 3 M-(NH4)2SO4 and loaded on to the column, which was then rinsed for 10 min. The concentration of (NH4)2SO4 was decreased to 0.3 M over 5 min and then to 0 M over 20 min, and 0.5 ml fractions were collected. Portions (50-100,ul) of the fractions was tested for PSB dioxygenase activity in the presence of component B. Component A was eluted in a peak towards the end of the gradient [about 50 mM-(NH4)2SO4. Fractions that were well separated from contaminative peaks were pooled.
Step 3b: hydrophobic-interaction chromatography of component B. The phenyl-Superose column was equilibrated (0.5 ml/min) with 20 mM-potassium phosphate buffer, pH 7.5, containing
Vol. 274 1 mM-dithiothreitol (buffer B), which contained 0.5 M-(NH4)2SO4. Crude component B from step 2 was brought to 0.5 M-(NH4)2S04 by addition of 3 M-(NH4)2SO4 and the pH was adjusted to 7.5 with 5 M-KOH. The sample was then concentrated to about 2 ml and applied to the column, and 0.5 ml fractions were collected. After 5 min, the concentration of (NH4)2SO4 was decreased to 0 M over 30 min. Yellow fractions, which exhibited cytochrome c reductase activity and which showed PSB dioxygenase activity when combined with component A, were eluted in a well-separated peak towards the end of the gradient [about 100 mM-(NH4)2SO4] and were pooled and concentrated.
Step 4a: gel-filtration chromatography of component A. Concentrated pooled fractions (about 3 ml) of component A from step 3a were applied to a gel-filtration column (G3000). Proteins were eluted in buffer A containing 100 mM-Na2SO4. The flow rate was 3.0 ml/min and 1.5 ml fractions were collected. PSB dioxygenase activity (assayed in the presence of component B) was eluted at about 25 min in a single symmetrical peak. The active slightly red fractions were concentrated 5-fold and either used directly for characterization or stored at -20 'C.
Step 4b: gel-filtration chromatography of component B. Concentrated fractions of component B from step 3b were applied to the Superose column, which was equilibrated with buffer B containing 100 mM-Na2SO4. The flow rate was 0.8 ml/min and 0.8 ml fractions were collected. One protein peak only was eluted, at about 23 min, and it contained reductase activity. Purified component B was concentrated and stored at -20 'C, or was used immediately. (Fig. 3) of activity; repeated freezing and thawing, however, led to a major loss of activity. The specific activity varied from preparation to preparation and can be as low as 60 % of the value in Table 2 , so we presume that some preparations contained inactive protein (cf. Fox et al., 1989) .
Determination of Mr, amino acid composition and N-terminal amino acids
The Mr values of the isolated PSBDOS proteins determined by SDS/PAGE were 36000 + 500 for reductase B and 50000 + 1200 for the oxygenase. Gel filtration resulted in Mr values of about 39000 (Superose) and 47000 (G2000) for native reductase B, and we presume the enzyme to be monomeric. Native dioxygenase displayed Mr values of between 105000 (Superose) and 85000 (G2000), and we presume the enzyme to be homodimeric.
The N-terminal amino acid sequence determined for the oxygenase component was: Met-Leu-Thr-Ser-Glu-Asn-Asn-Gln-IleLeu-Thr-Arg-Val-Gly-Pro-Gly-Thr-Ala-Met-Gly-Xaa-LeuPhe-Arg-His-Phe-Xaa-Gln-Pro-Ala-Leu-Leu-Ser-Glu-Glu-. Identical sequences were obtained whether denatured samples from SDS/PAGE gels or proteins desalted by reverse-phase chromatography were analysed. These data confirm the homogeneity of the different preparations and support the homomultimeric structure of the oxygenase component. The N-terminal sequence of reductase B was: Xaa-(Lys)-Asp-XaaPro-(Val)-(Thr)-(Arg)-Ala-Ala-Val-Arg-Ala-Val-Ala-Arg-Asp-(Val)-Leu-Ala-Leu-Glu-Xaa-Leu-His-Ala-Asn-Gly-Gln-Ala-(where residues in parentheses have not been confirmed).
The amino acid composition of the components of PSBDOS is shown in Table 3 .
Flavin and 12Fe-2S1 content PSBDOS reductase B was yellow (Amax 463 nm; Fig. 4 ), which suggested a flavin cofactor. When the reductase was treated with acid or was boiled, protein was precipitated and the yellow colour remained in the supernatant fluid. The absorption spectrum of the extracted material (Fig. 4) (Gibson & Subramanian, 1984) . In contrast (c, d), dioxygenation and release of the HSO3-group from PSB (this work) or the Cl-group from 4-chlorophenylacetate (Markus et al., 1986 ) is achieved with the dioxygenase alone.
The difference between the u.v.-visible-absorption spectra of FMN and that of PSBDOS reductase (Fig. 4) and the electron transfer to, e.g., cytochrome c suggested that the protein contained an iron-sulphur centre. Purified and desalted PSBDOS reductase B contained 1.9 mol of iron and 1.8 mol of inorganic sulphur per mol of protein (Table 4) . We obtained a value of 1.5 mol of S2-/mol for the ferredoxin from S. platensis, where 2 mol of S2-/mol is expected (Suhara et al., 1975) . We presume the reductase B to contain 1 mol of [2Fe-2S] per mol of protein, which presumably confers a ferredoxin function to the reductase.
The u.v.-visible-absorption spectrum of PSBDOS oxygenase showed maxima at 560, 467 and 327 nm in the oxidized state. In the reduced form, the spectrum of the oxygenase had maxima at 520 and 430 nm (Fig. 5 ). These characteristics are very similar to oxygenase components of other dihydroxylating oxygenases, especially that of the o-phthalate system (560, 466 and 328 nm, and 517 and 434 nm; Batie et al., 1987) , and they are ascribed to a Rieske iron-sulphur centre (Batie et al., 1987; Mason, 1988 'None' * References to the dioxygenases: PSB, the present paper; 4-chlorophenylacetate, Markus et al. (1986) ; o-phthalate, Batie et al. (1987) ; benzoate, Yamaguchi & Fujisawa (1978 ; benzene, Zamanian & Mason (1987) and Axcell & Geary (1975) ; toluene, Gibson et al. (1982) ; pyrazone, Sauber et al. (1977); naphthalene, Haigler & Gibson (1990a,b) and Ensley & Gibson (1983) .
t All known reductases are monomers. t All oxygenase a-components contain an iron-sulphur centre, which is considered to be a Rieske centre, and a more or less tightly bound mononuclear iron atom (Mason, 1988 (Fig. 3) . The molarity of the reductase in the cell would then be 0.3 relative to 1.0 for the dimeric oxygenase. The specific activity of reductase B is some 100-fold higher with the artificial electron acceptors than the complete PSBDOS with excess reductase (1.9 versus 0.01 kat/kg of protein; Tables 1 and 2 ). There is, however, a paradox in these numbers: if the specific activity of the reductase really is so high, why is an excess required to assay the oxygenase component? A better understanding of the interaction between reductase and oxygenase is required. It is currently difficult to understand how the reductase can supply enough reducing power for the two oxygenases it serves. Perhaps we have a poor extractive technique for reductase B, and still worse for reductase C (Fig. 2) , which could be genetically the reductase corresponding to the dioxygenase. However this question is resolved, we now have an assay system that allows the activity of an oxygenase to be directly correlated to the amount of protein in the assay. This contrasts with the situation in Alcaligenes sp. strain 0-1, in which the specific activity seems to be a function of protein concentration (Thurnheer et al., 1990; cf. Gibson et al., 1982) , and will in future allow direct comparisons of different preparations and different oxygenases.
The typical bacterial degradative pathway for an aromatic hydrocarbon (e.g. benzene or benzoate; Schemes 2a and 2b) involves dioxygenation by a multi-component dioxygenase, which yields a stable dihydrodiol. The dihydrodiol is rearomatized by a movement of electrons that leads to the formal release of a hydride ion, a poor leaving group, whose efficient removal requires an NAD+-linked dehydrogenase (Gibson & Subramanian, 1984 Brilon et al. (1981) . An analogous situation is seen with 4-chlorophenylacetate 3,4-dioxygenase (Scheme 2d; Markus et al., 1986) , and possibly serves as a model for the newly observed oxygenases, which precede ring cleavage of neighbouring heterocycles at the bridge heteroatom (Fortnagel et al., 1990; van Afferden et al., 1990) .
One desulphonative reaction has been characterized 1991 Dioxygenase* 4-Sulphobenzoate 3,4-dioxygenase system previously. Sulphonoacetaldehyde, derived from taurine (2-aminoethane sulphonate) by transamination, is subject to hydrolysis to yield sulphite and acetate (EC4.4.1.12; Kondo & Ishimoto, 1972; Shimamoto & Berk, 1979 , 1980 . This intermediate, with a C-S bond labilized by the adjacent aldehyde group, has no similarity to the stable C-S bond on an aromatic ring. A closer analogy is the desulphonation of linear alkanesulphonates in cell extracts (Thysse & Wanders, 1974) : no 1802 experiments were done, but an oxygenase reaction was apparently necessary to labilize the C-S bond and yield the unstable sulphite addition complex of an aldehyde. Endo et al. (1977) and Kondo et al. (1982) indicated a multi-component desulphonative system involving NADH and 02 for benzene sulphonate, but had activities that were presumably too low (about 10 ,ukat/kg of protein) to permit further work. A. M. Cook & C. Joannou (unpublished work) have preliminary evidence for a two-component orthanilate dioxygenase system in Alcaligenes sp. strain 0-1 (cf. Thurnheer et al., 1990) . In contrast, Feigel & Knackmuss (1990) presented evidence for a different type of desulphonation, namely after ring cleavage, analogous to several dechlorinations (Reineke & Knackmuss, 1988) .
The amino acid compositions (Table 3) of the oxygenase and reductase components of PSBDOS are similar to those of other systems (e.g. Axcell & Geary, 1975; Markus et al., 1986; Batie et al., 1987) , but no significant similarity of the N-termini to published sequences was detected using the Genetics Computer Group program package (University of Wisconsin, Madison, WI, U.S.A.). The only direct comparison undertaken (at the level of cell extracts), with all four proteins of the benzene dioxygenase system, showed no cross-reaction on Western blotting (C. Joannou & J. R. Mason, personal communication; cf. Zamanian & Mason, 1987) . The high content of apolar amino acids of both components of PSBDOS (about 4700 for the oxygenase and about 490 for the reductase) is in agreement with the hydrophobic behaviour of the proteins on hydrophobic-interaction chromatography. The high specificity of PSB dioxygenase, if typical of desulphonative systems, might explain narrow substrate ranges observed in bacteria utilizing sulphonates as carbon and energy sources (cf. Thurnheer et al., 1986) . Dioxygenases with apolar substrates are reported to have broad substrate ranges (Zamanian & Mason, 1987) . PSBDOS displays a high affinity for PSB (about 30 /LM). There would appear to be no corresponding data for other dioxygenases. PSBDOS, with its reductase coupled directly to a homodimeric oxygenase, is the simplest multi-component dioxygenase yet described (Table 5) . Together with the o-phthalate dioxygenase system (Batie et al., 1987) it obviously belongs to a group of enzyme systems with FMN-containing reductases, which harbour a ferredoxin function, and with homomultimeric oxygenases. Three other classes of multi-component dioxygenases are also defined (Table 5 ). The nomenclature of these systems, in contrast, is ill-defined. Only four are mentioned in EC lists, two of them are provisional, and none of them conforms fully with EC recommendations. Given the present sub-and sub-sub groups in EC 1., we suggest that these systems (Table 5 ) all belong to EC 1.14.12.-. Correspondingly, PSBDOS has the trivial name '4-sulphobenzoate 3,4-dioxygenase system' and the systematic name '4-sulphobenzoate,NADH: oxygen oxidoreductase (3,4-hydroxylating, sulphite-forming)'. The 'comments' must then be used to define the system: 'iron-sulphur-flavoprotein (FMN) reductase; no independent ferredoxin; homomultimeric iron-sulphur oxygenase: requires added iron'. In this way, both the known systems and simple variants thereof can be described. The genes encoding the protein components of known dioxygenative systems, where known, are located on operons (Zylstra & Gibson, 1989) , which accentuates the functional interrelatedness of the components, and lends weight to their classification as systems.
